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Abstract High-activity, visible-light-driven photo-
catalysts were prepared by forming N-doped TiO2 on
multi-walled carbon nanotubes (MWCNTs). The use
of MWCNTs as the support in a N-doped TiO2 system
favored electron trapping, because the recombination
process could be retarded, thus promoting photocata-
lytic activity. The prepared photocatalysts were sys-
tematically characterized by transmission electron
microscopy (TEM), X-ray diffraction (XRD), X-ray
photoelectron spectroscopy (XPS), Brunaure–Emmett–
Teller (BET) spectroscopy, and UV–Vis diffuse
reflectance spectroscopy (UV–Vis/DRS). The results
indicated that the N-doped TiO2 coated on MWCNTs
improved the surface area and slightly modified the
optical properties of the composite. The activities of
the photocatalysts were probed by photodegradation of
methanol in the presence of visible light irradiation.
The experimental results revealed that the strong
interphase linkage between the MWCNTs and the
N-doped TiO2 played a significant role in improving
photocatalytic activity. However, the mechanical pro-
cess for MWCNT–TiO2-xNx mixtures showed lower
activity than just pure N-doped TiO2. In this study,
N-doped TiO2 precursors coated with pretreated
MWCNTs during a sol–gel process could effectively
form a MWCNT–TiO2-xNx composite. The composite
showed excellent activity and effectively enhanced the
efficiency of N-doped TiO2 under the visible light
region.
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Introduction
There is great interest in titanium dioxide (TiO2) for
the use in environmentally friendly technology and
for energy technology. TiO2 has excellent photoca-
talysis properties and chemical stability, and it is an
environmentally friendly and abundant substance.
However, TiO2 only exhibits photocatalytic activa-
tion in the presence of UV irradiation (k\ 384 nm),
which accounts for only a small fraction of the total
solar energy (*5%). Methods for shifting the optical
response of TiO2 from the UV light range to the
visible light range have attracted considerable atten-
tion. Currently, cation doping (e.g., Fe, Co, Ni, and
Cu) and anion doping (e.g., N, C, F, and S) are the
primary techniques used for applications involving
photocatalytic activation of TiO2 in the visible light
range (Asahi et al. 2001; Buzby et al. 2006; Chen
et al. 2007; Duminica et al. 2007; Janus et al. 2009;
Ling et al. 2008; Wang et al. 1999). Doping TiO2
with suitable metal cations can increase the absorp-
tion region; however, there are some disadvantages
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within the doped materials such as thermal instability,
formation of recombination centers for photo-generated
charge carriers, or ineffective ability to aid the
surface redox reaction (Chen et al. 2005; Serpone
2006; Wang et al. 2000, 2007a, b, 1999).
Many researchers focus on using anions as TiO2
dopants because of their high activity and non-
toxicity. Among these anionic dopants, nitrogen
seems to be more attractive due to its comparable
atomic size with oxygen, small ionization energy, and
stability. The role of N in N-doped TiO2 has been
discussed in a previous study (Mei et al. 2007). The
N-doped TiO2 has a new energy band that narrows
the band gap of TiO2. The new band was introduced
via the mixture of substitutional N 2p bands and O 2p
bands. In order to achieve the N-doped TiO2, there
are many methods already in use, including sputter-
ing, ion implantation, plasma processes, and sol–gel
process. Previous studies indicate that the sol–gel
process is the most widely adopted method for the
preparation of N-doped TiO2 due to easy control of
doping levels and particle size (Jagadale et al. 2008).
Several groups successfully incorporated nitrogen
into TiO2 through sol–gel process and showed high
activity under the visible light irradiation (Xie et al.
2007; Jagadale et al. 2008; Yokosuka et al. 2009).
Although N-doped TiO2 shows excellent photocata-
lytic activity in the visible light region, there is still
much to be investigated. Nitrogen doping of TiO2
(Eg = 1.5*2.9 eV) has a lower bandgap than raw
TiO2 (e.g., anatase, Eg = 3.2 eV) (Wang et al.
2007a, b), that is, the modified TiO2 has a higher
charge carrier recombination rate after nitrogen
modification. In order to reduce the electron-hole
recombination rate, some researchers attempted to
promote photocatalytic activity mainly by metal
coating (Choi et al. 1994; Luo et al. 2007). Unfor-
tunately, most metals used for promoting photocat-
alytic activity are (1) thermally unstable [some metals
catalyze the anatase-to-rutile transformation at cer-
tain temperatures (Litter and Navı´o 1996)], (2) easy
to sinter (thereby decreasing the effective number of
surface sites), or (3) difficult to modify (during
particle agglomeration, dopants serve as recombina-
tion centers).
Recently, multi-walled carbon nanotubes (MWCNTs)
have attracted much attention because their high
chemical stability and conductivity are good support
for materials with photocatalytic properties (Jitianu
et al. 2004; Saito et al. 2002). The conductivity of
MWCNTs is similar to that of copper (Rao et al.
2001), having a large electron-storage capacity; thus,
MWCNTs are considered good electron acceptors
(Woan et al. 2009). They serve as charge trapping
sites and reduce the electron-hole recombination rate
to enhance the photocatalytic activity of titania. Most
literature emphasizes the CNT-TiO2 composite sys-
tem by utilizing carbon nanotubes (CNTs) to intro-
duce charge transfer and to retard the recombination
process under UV light irradiation. Others use CNTs
as a photosensitizer to promote optical responses in
the visible light region (Ahmmad et al. 2008; An et al.
2007; Cho et al. 2008; Wang et al. 2008, 2009; Woan
et al. 2009). However, previous studies indicate that a
CNT-TiO2 composite system responding to the vis-
ible light spectrum by MWCNTs photosensitizers
does not seem as effective as an anion-doped system
(Huang et al. 2009). This article is based on the anion-
doped system supported by MWCNTs to promote
photocatalytic activity in the visible light region. The
MWCNT–TiO2-xNx composites were prepared by using
a sol–gel process to form N-doped TiO2 on MWCNTs.
In addition, to discuss the effect of interphase link-
age between MWCNTs and N-doped TiO2, the photo-
catalysts were prepared by mechanical mixing. By
combining photoactivity measurements with the char-
acterization results from X-ray diffraction (XRD),
transmission electron microscopy (TEM), Brunaure–
Emmett–Teller (BET) spectroscopy, UV–Vis diffuse
reflectance spectroscopy (UV–Vis/DRS), and X-ray
photoelectron spectroscopy (XPS), we discuss the
possible mechanism of MWCNT–TiO2-xNx for enhanc-
ing the photocatalytic performance.
Experimental
Photocatalyst preparation
Ti(OC3H7)4 (Aldrich 97%) was added to distilled
water to form a colloidal solution. Nitric acid (65 wt%)
was added after continuous stirring to obtain a
homogeneous sol solution. The mixture solution was
subjected to ultrasonic vibration and was stirred for
30 min. Next, ammonium hydroxide solution
(NH4OH) was added as nitrogen source. The sol–gel
process for the formation of N-doped TiO2 nanopar-
ticles can be envisioned as a two-step reaction process
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involving hydrolysis and condensation. Titanium alk-
oxides (Ti-OR) were widely used as Ti-precursors in
forming TiO2 nanoparticles. When water was added,
the hydroxyl group reacts with the metal center through
nucleophilic substitution, resulting in the exchange of
the alkyl group (OR) via the hydrolysis reaction. This
is followed by the condensation reaction to form
Ti–O(N)–Ti bonds (Chen et al. 2005). Next, MWCNTs
[average diameter: 50 nm (L-Type); Desunnano Co.,
Ltd] were added to the N-doped TiO2 precursor as
support. The MWCNTs were pretreated with concen-
trated HNO3 to form polar groups. The possible
functions of acid treatment have been discussed in a
previous study (Wang et al. 2007a, b). The weight ratio
of MWCNTs/TiO2-xNx was controlled at 0.1, 0.5, 1.0,
2.0, and 5.0%. These samples were denoted as C/N-X
photocatalysts, where X denotes the weight ratio of
MWCNTs/TiO2-xNx. The floccule was filtered and
washed with deionized water; it was then aged in air to
form a xerogel. After being crushed into a fine powder
and calcined at 350 C for 3 h, the MWCNT–TiO2-xNx
particles were coated with glass beads via the impreg-
nation method. For comparison, the photocatalytic
activity of the commercial photocatalyst Degussa P25
(Desunnano Co., Ltd.) was tested.
Analysis
The particle sizes and shapes of MWCNT–TiO2-xNx
were observed through TEM (JEOL JEM-1200CXII).
The crystallite structure and size of the photocatalysts
were measured using XRD (Mac Science Co.,
M18XHF). The crystallite sizes of the prepared samples
were determined by the Scherrer equation (Eq. 1):
d ¼ 0:89  k
b  cos h; ð1Þ
where k is the X-ray wavelength corresponding to Cu
Ka radiation, b the broadened profile width in radians,
and h the diffraction angle associated with the
characteristic peak (Ogawa et al. 1981). The specific
surface areas (SBET) of the photocatalysts were
calculated using the BET (Microrifice ASAP 2010
nitrogen adsorption apparatus). The chemical states
of the photocatalysts were identified through XPS
(VG Scientific ESCALAB 250). The optical absorp-
tion spectra of the samples were determined using
UV–Vis/DRS (Perkin Elmer Lambda 950) at room
temperature in the wavelength range of 250-650 nm.
The bandgap energies of the photocatalysts were
determined by the DR–UV–Vis method and calcu-
lated according to following equation (Eq. 2):
Eg ¼ hc=k ð2Þ
where Eg is the bandgap energy (eV) of the samples,
h Plank’s constant, c the speed of light (m/s), and k
the wavelength (nm).
Photoactivity measurements
The photocatalytic activity of the samples in the
visible light range was evaluated through the degra-
dation of methanol vapor. The photocatalytic reac-
tions were carried out in a steady-state plug flow
reactor (50 mm i.d.) with an online gas chromato-
graph (GC, Agilent 6890). For packing media, 2 mm
glass beads were coated with the photocatalysts. The
feed gas was composed of 200 ppm methanol and the
carrier gas, N2. The total flow rate was 200 mL/min,
and the residence time was 33 s. The visible light
source was an FL-10D lamp (China Electric Manu-
facturing Corp.). Methanol vapors were diluted with
zero air streams (21% oxygen, 79% nitrogen). The
gaseous mixture flowed through the dark photocata-
lytic reactor at a constant temperature of 25 C and
relative humidity of 20%. Until adsorption equilib-
rium was reached, the visible light lamp was kept on
to continue the activity measurements. There was no
degradation of methanol when the gas was passed
through the reactor without visible light radiation or
without photocatalysts. Blank tests involving metha-
nol vapor removal through photo-degradation or
adsorption revealed negligible methanol degradation.
Results and discussion
Characterization of the photocatalyst
Figure 1 shows the XRD patterns of TiO2-xNx coated
on different ratios of MWCNTs. Here, the XRD peaks
corresponding to the crystalline TiO2 are clearly
observed (JCPDS 21-1272). The photocatalyst C/N-0
presented peak intensities for anatase (101), (004),
(105), and (211) reflections. In contrast, the different
ratios of C/N in the samples did not significantly affect
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the crystallite phase. The most intense peaks of
MWCNTs were indicated at 2h = 26.3 and 42.6;
these corresponded to the (002) and (100) reflections of
MWCNTs, respectively (JCPDS 41-1487). The char-
acteristic peaks of TiO2-xNx coated on MWCNTs
mainly exhibited the anatase phase; however, there
were almost no MWCNTs peaks visible in the XRD
patterns, suggesting that TiO2-xNx nanoparticles were
coated on MWCNTs. Based on the XRD results, the
crystallite size of the prepared photocatalysts was
determined using the Scherrer formula. The crystallite
sizes of all the C/N samples were around 7 nm, and the
sizes did not change with the additive of MWCNTs.
Figure 2 shows the TEM morphology of the
MWCNT–TiO2-xNx. The N-doped TiO2 was pre-
sented in the form of spherical particles and blended
with MWCNTs. The particle sizes were less than
10 nm, which were consistent with the XRD results.
Figure 3 shows the BET surface area (SBET) for
the various weight ratios of MWCNTs/TiO2-xNx. The
BET data indicated that TiO2-xNx drastically
increased with the increase in the MWCNTs content
from 0.1 to 0.5%. The weight ratio of MWCNTs/
TiO2-xNx was 0.1%, and the maximum surface area
observed was 160 m2/g. This is another possible
reason why N-doped TiO2 supported on MWCNTs
demonstrate enhanced photocatalytic activity. When
the MWCNT content exceeded 0.5%, the SBET of the
catalyst decreased gradually. These phenomena were
attributed to the MWCNTs becoming easy tangled
with one another, leading to a decreased SBET.
Figure 4 shows the XPS spectra of N-doped TiO2
combined with MWCNTs; this reveals the effect of
nitrogen doping and MWCNTs on the structure of
TiO2. The C 1s core level spectra show binding
energies from 284.8 to 286.7 eV. These are attributed
to the C–C, C–O, and C=O bonds. It was confirmed
that these polar groups are beneficial for absorbing
the precursor molecules and/or nucleation of TiO2 on
the surface of MWCNTs (An et al. 2007). In addition,
the existence of C–O and C=O bonds suggests
Fig. 1 XRD patterns of
the MWCNT–TiO2-xNx
photocatalyst
Fig. 2 TEM image of the C/N-0.1 photocatalyst
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covalent binding between these two components
(Wang et al. 2007a, b). The N 1s core level spectra
show a main peak at 399.6 eV, which are attributed
to O–Ti–N bonding. The other peaks around 399 to
401 eV are associated with N-related bonds such as
N–N and N–O bonds (Yamada et al. 2008). The O 1s
core level of MWCNT–TiO2-xNx indicates two main
peaks at 529.6 and 531.6 eV. The peak at 529.3 eV is
attributed to lattice oxygen—Ti–O–Ti, while the
other that peaked at 531.6 eV is attributed to C–O,
C=O, and COO bonds. The Ti 2p peaks are centered
at 458.6 and 464.4 eV, which arise from Ti 2p3/2 and
Ti 2p1/2. The peaks are slightly shifted toward a
higher binding energy, which implies that the Ti in
the TiO2 particles covers the MWCNTs and that a
strong interaction exists between the TiO2 and the
MWCNTs (An et al. 2007).
Figure 5 shows the absorption spectra for different
ratios of MWCNT–TiO2-xNx photocatalysts. The
C/N-0 shows a new adsorption range of 400–560 nm,
which is ascribed to the doped N atoms. Nitrogen
doping gives rise to impurities in the form of
unoccupied state densities, which are filled in the
presence of anion vacancies. Nitrogen doping and
oxygen vacancies have a considerable effect on the
valence and conduction bands of TiO2 (Khan et al.
2002). Nitrogen doping arises from the mid-band,
which is located slightly above the top of the valence
band. These vacancies produce a new band located at
0.75–1.18 eV, which is lower than the edge of the
conduction band (Nakamura et al. 2000). In a
different ratio of C/N composites, the ratio from 0.1
to 2.0 clearly absorbs the energies of 2.78, 2.58, and
2.23 eV at 442, 480, and 555 nm, respectively. The
bandgap energy decreases as the MWCNTs content is
increased. A small amount of MWCNTs can lead to
Fig. 3 BET specific surface areas of the photocatalysts for
different MWCNT content
Fig. 4 XPS spectra of
a C1s, b N1s, c O1s, and
d Ti2p for the C/N-0.1
photocatalyst
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slight changes in the bandgap energy of the prepared
photocatalyst toward the most suitable bandgap for
using solar energy. However, the main role of
MWCNT supports is to retard the recombination rate
of electron/hole pairs. Therefore, the composite of
N-doped TiO2 and MWCNTs does not only reduce
the recombination rate but also slightly modifies the
optical properties of the photocatalysts.
Visible-light-driven photocatalysis
The photocatalytic activities of MWCNT–TiO2-xNx
were evaluated through the oxidation of methanol.
Figure 6 shows the photocatalytic activities of the
samples to indicate the effect of N-doped TiO2
combined with MWCNTs. The C/N-0 is raw N-doped
TiO2 that shows a good activity of about 76% under
visible light radiation. After MWCNT modification,
the composites with C/N ratios from 0.1 to 2.0 exhibit
higher activity than C/N-0. Optimum photocatalysis is
found for C/N-0.1, whose conversion rate is about
94%. This value is four times higher than the conver-
sion rate of Degussa P25. The results show that the
N-doped TiO2 is enhanced when supported MWCNTs.
By combining the characterization results with
those from a previous study on the energy band of
TiO2-xNx (Liu et al. 2008), we presumed a possible
reaction mechanism for MWCNT–TiO2-xNx, as shown
in Fig. 7. since CNT had a one-dimensional, carbon-
based ideal molecule that could conduct electrons at
room temperature without resistance (Charlier 2002),
the material could thus accept photon-excited electrons
in the composite. When TiO2-xNx is excited by visible
light irradiation, electrons migrate from the TiO2-xNx
to the MWCNTs. In addition, MWCNTs absorb
oxygen (an electron acceptor) on their surfaces to
yield superoxide radical ions, and the positively
charged TiO2-xNx holes can then capture OH
- to form
hydroxyl radicals. For this reason, MWCNTs reduce
the electron/hole recombination rate, thereby enhanc-
ing the photocatalytic activity of MWCNT–TiO2-xNx.
The increase in the MWCNTs/TiO2-xNx ratio from 0.5
to 5.0% is not favorable, because excess MWCNTs
shield against light irradiation, which leads to less
electron/hole pair production. As a result, the
MWCNTs/TiO2-xNx ratio should be limited to levels
below 0.1% to enhance the photocatalytic activity.
Fig. 5 UV–Vis diffuse reflectance spectra of MWCNT–TiO2-
xNx photocatalysts
Fig. 6 Conversion during methanol degradation for various
MWCNT–TiO2-xNx photocatalysts, P25, and MWCNTs
Fig. 7 Visible-light-driven production of photocatalysts by
anion doping. Electrons are injected into the conduction band
of TiO2-xNx. MWCNTs act as electron acceptors to trap
electrons from TiO2-xNx and thus reduce the charge carrier
recombination rate
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In order to further explore the effect of the
interphase linkage, a mechanical mixture of MWCNTs
and TiO2-xNx was prepared. The composition of the
mixture was prepared with the same ratio and calcine
temperature as that in C/N-0.1 (shown in Table 1).
The mixture photocatalyst was called mixture-0.1,
and its photocatalytic activity during methanol con-
version was 72.4% lower than that of C/N-0.1. The
low activity is ascribed to MWCNTs in the photo-
catalyst not being effective in trapping electrons. This
lack of effectiveness prevents a decrease in recom-
bination rate. In the mechanical mixture, it is possible
that the mechanical mixture process cannot form a
strong interphase between the TiO2-xNx and the
MWCNTs. In contrast, a strong interphase was
formed in C/N-0.1, as evidenced by the previous
analysis. Therefore, C/N-0.1 showed high activity
and had a large surface area. Moreover, MWCNTs
were almost inactive during methanol degradation by
visible light irradiation (see Fig. 6). Once MWCNTs
became incapable of bonding strongly with TiO2-xNx,
they simply occupied the active sites and scattered
the incident light. Therefore, the preparation process
is a critical factor in forming high-activity MWCNT–
TiO2-xNx photocatalysts.
Conclusions
A small amount of MWCNTs added to TiO2-xNx could
effectively enhance SBET, modify optical properties,
and promote photocatalytic activity. In this study, the
optimal weight ratio of MWCNTs/TiO2-xNx was 0.1%.
At this ratio, the efficiency of TiO2-xNx was increased
by about 22%. In addition, the activity of the modified
photocatalyst was about four times higher than that of
Degussa P25 in the visible light region. In contrast, a
mechanical mixture of MWCNTs and TiO2-xNx
showed decreased activity because ineffective addi-
tives occupied the surface activity sites. According to
the activity and characterization results, the interphase
linkage of TiO2-xNx and MWCNTs is a critical factor
for promoting photocatalysis. A mechanical mixture
cannot provide strong binding between TiO2-xNx and
MWCNTs. However, forming N-doped TiO2 on
MWCNTs is an effective method for strengthening
the interphase linkage.
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